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FIELD 

The invention relates to color imaging and, more particularly, to techniques for 
5 presentation of color images on display devices. 

BACKGROUND 

Color imaging devices use combinations of different device-dependent 
coordinates to form color images for display or printout on media such as paper or film. 

10 Many hardcopy printing devices use combinations of cyan, magenta, yellow, and black 
(CMYK) to form color imagery. These device-dependent coordinates of C, M, Y and K 
may be combined to form a gamut of colorimetric values that the device is capable of 
producing. Display devices, such as cathode ray tubes (CRTs) or flat panel momtors, 
may use the device-dependent coordinates of red, green, and blue (RGB). Some high- 

15 fidelity color imaging devices may use the device-dependent coordinates cyan, magenta, 
yellow and black in combination with other coordinates such as orange and green. These 
and other device-dependent coordinate systems have been developed for use with vanous 

color imaging devices. 

Many different device-independent coordinate systems have been developed in an 
20 attempttostandardizecolorspecificationacrossdifferentdevices. For instance, the 

Commission Internationale de 1'Eclairage (CIE) has developed device-independent color 
spaces such as the L*a*b* color space (hereafter L W color space, L W space, or 
simply L W) and the XYZ color space (hereafter XYZ color space, XYZ space, or 
simply XYZ). Moreover, several other organizations and individuals have developed 
25 other device-independent color spaces. 

A point in a device-independent color space theoretically defines a color value 
irrespective of any particular device coordinates. A point in L'a'b* space or XYZ space, 
for instance, can be mapped to a point in a device gamut. Tta, point in the device gamut, 
in turn, defines the device-dependent coordinates that will theoretically cause the dev.ce 
30 to produce a color that is visually equivalent to that defined by the point in L'a'b' space 
or XYZ space. 
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The ,» "soft proofing" refers to a proofing process that makes use of a d,sp.ay 
device rather than a printed hard copy. Traditional*, color proofing techniques have 
relied on "hard copy proofing," where proofs are printed out on paper or other pnnt 
m edia and inspected to ensure that the images and colors look visual* correct. For 
instance, color characteristics can be adjusted and successive hard copy pnnts can be 
examined inthehard copy proofing process. After determining *a, a pa^cular proof. s 
acceptable, the color characteristics used to make the acceptable proof can be reused 

equivalent to the acceptable proof. 

Soft proofing is highly desirable for many reasons. For insfcnce, soft proofing 
can remove the need to print copies of the media during the proofing process^ Moreover, 
soft proofing may allow multiple proofing specialist, to proof color images from remote 

copies. Softproofingcanbefastcrandmoreconvenientmanhardproofin . Moreover, 

soft proofing is highly desirable. . • 0 

AmajorproHemwithsoftproofing.however.isftedifficul^nachtev.nga 

g0 „d visual match between the colors disced on the soft proofing display dev.ee and 

independent coordinates theoretical* standardize color spec.ficat.on. Thus, *eoret.cally 
the CMYK device coordinates of a hard copy printout could be converted to dev.ee- 
tadependentcoordinatesandfitenconvertedtoRGBdevicecoordinates. Also, 

.heoLcally the colors displayed using the RGB device coordinates would be ..ally 

images displayed by the soft and hard copy media produce substantially .dennca. 
Iptioninlindustry.if the colorson4esoftproofingdisplaydevicedonotprov.de 
an acceptable visual match with the colors on hard copy pnntouts. 
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,„ one embodiment, a method includes obtaining a white point conation for a 
dispiay device and obtaining a chromatic correction for the display device. The method 
may a,so include generating corrected co.or coordinates based on the white pom, and 
chromatic corrections. Moreover, the method may norther comprise obtanung the whtte 
5 point correction by determining a white point correction matrix and obtatmng the 
chromatic correction by determining a chromatic correction matnx. 

Determining a white point correction matrix may comprise displaying a color on a 
dispiay device, the color being defined by an original white point matrix in a known 
condition, e.„ D50, and adjusting at leas, some white point 
10 tha, visuai appearance on the display device is visual,, equivalent to a pnnt. Adjusting 
.east some white point matrix values may comprise adjusting maximum phosphor 

ccorrectionmatiixmaycomprisedisplayingacolorona 
tfHdisplay device, tire c„\r being defined by an original chromatic matrix in a known 

mat visual appearance on\= display device is visually equivalent to a pnn, Adjusting 
lca s t some chromatic matn\ values may comprise adjusting chromatid values m an 
ROB color space such as the\AdobeRGB(d50) color space. 

,„ another embodiment, a method includes determining device-independent 
20 coordinates defining a co.or on a hard copy, and generating corrected coordinates usmg 

Moreover, the method may further comprise displaying the color using tire corrected 
coordinates. The displayed color may be visually equivalent to the co.or on the hard 

,5 C ° Py ' ThewMtepointcorrectionmaybeawhitepointcorrectionmatiixandthe 
chromatic correction may be chromatic correction matrix. These matrices may be 
determined based on characterization of the output of a display devtce. For tnstance, 
determining the white point correction matrix may comprise displaying a color on a 
display device, tite color being defined by ar, original white point matnx m a known 

that visua, appearance on tite display device is visuaUy equivalent to a whtte pnntou, 
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viewedinfteknownilluminantccndition. Moreover, determining 4= chromatic 
correction matrix may comprise displaying a co.or on a display device, me color bemg 
defined by an original chromatic matrix in a known Wuminan. condition, e.g., D50, and 
adjusting a, .east some chromatic matrix values so that visual appearance on the dtsplay 
device is visually equivalent to a co.or printout viewed in the known il.uminan, 



condition. m 

1„ another embodiment, a method includes converting devtce-dependent 
coordinates mat define a color in a printing device to device-independen, coordinates, 
and adjusting the device-independen, coordinates using a white point correction and a 
„ chromatic — The method may fcrmer comprise converting the corrected c^- 
independent coordinates to device-dependent coordinates mat define a 
device. Moreover, the method may further comprise displaying the color usmg the 
corrected coordinates. The displayed color, for instance, may be visually e q u,va,en, ,„ 
m e color on the hard copy. Again, the white point correction may be a whtte pom, 

,„ another embodimen,, a method inc.udes adjusting maximum phosphor values 
for a display device so that a firs, color displayed on the display device matches whtte m 
a defined i.luminan, condition for a hard copy, and adjusting color settings so that a 
second color displayed on the display device matches a defined color n, he defined 
20 illuminant conditio. By way of example, me defined illuminan, cond.tion may be a D50 

illuminant condition. 

Adjusting co.or settings may comprise adjusting color settings wthm a computer 
program. For instance, adjusting co.or settings may comprise adjusting chromatic* 
values in an RGB color space such as an AdobeRGB(50) color space. 
25 instill another embodimen, a method inc.udes creating a first vtsual 

representation of an image on a hard copy, and creating a second visual represen«,o„ of 
th e image on a dispiay device. The firs, visua. representation and the second vtsua, 
.presentation, for instance, may have different device-independen, coordmates. 
However, Mh white point and saturated colors on the disp,ay device may be a g ood 
30 visualmatchtomoseofthehardcopy. mdeed, bom white point and saturated co.ors on 
me display may even be visually equivalent ,o those of me hard copy. 
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in other embodiments, the invention comprises a system including a display 
device and memory device coupled to a processor. The processor may perform one or 
more of the methods described above. 

in still other embodiments, the invention comprises a computer readable medmm 
tot carries program code tot when executed performs one or more of to methods 
described above. 

In still other embodiments, to invention comprises a computer readable med.um 
carrying a color profile data structure thereon. The color profi.e data structure may 
correspond to a firs, device and may include illununan. condition vah.es to. do not 

.pond to actual illuminant conditions associated with the firs, device. An .mage 
rendered on a second device using to color profile dam structure may be vsually 
equivalent to the image rendered on to first device. 

Additional details of these and other embodiments are set forth m to 
accompanyingdrawingsandtodescriptionbelow. Other features, objects and 
advantages will become apparent from the description and drawings, and from to Cam,, 
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□ BRIEF DESCRIPTION OF THE DRAWINGS 

S! Figures 1-5 are flow diagrams according to embodiments of the invention. 

Figure 6 illustrates an exemplary soft proofing system according to an 
embodiment of the invention. 

DETAILED DESCRIPTION 

In exemplary embodiments, the invention comprises methods, systems and 
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computer readable media carrying program code tot facilitate soft proofing. The 
invention may implement one or more transformation techniques to tranrform color 
coordinates between hard copy and soft copy proofing environments. The transforms 
ensures to. color images tot appear on a display device will be a visually acceptab.e 
match to color images that appear on print media. 
30 in one embodiment, for example, to invention is a method that includes adoring 

phosphor values for a display device so to. a firs, color displayed on to 
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disp.ay device matchTs white in a defined i.luminan, condition for a hard copy. The 

display device matches a defined co.or in the defined illuminant condmo, The me«h«. 
may ensure tha, images to. appear on a display device in a soft proofing environment 
will be visually equivalent to images that appear on print media. 

The ultimate goal of soft proofing technology is to facilitate me accurate 
re „deri„g of color images on a display device. In other words, soft proofing techno ogy 
seeks ,„ display co.or images on a display device mat arc a "visually acceptable match, 
••visual* equivalent," or a "good visual match" to color images ou prim media Two 
images are "visually equivalent" if their empirical delta E error is approximately equal o, 
or ,ess than 1. A good visual match occurs when a person trained in color management 
cannot visually identify a difference between the color values of two color .mages. A 

As mentioned, two images are "visually equivalent" if thetr empirical delta E rr* 

■ , „r less than 1 By way of example, the value of empirical delta 

is approximately equal to, or less than l. Byway r 

E can be determined for a single color by dispiaying an ROB color on a CRT. A ha* 
eopv of the color can be placed adjacent to the CRT for comparison. Several opera*. 
JLincolormanagementcancomparethe co.or onthehard copy 
and can adjust the RGB value of the color on the CRT so the color on ^gd^v viewing 
mat of the hard copy. If necessary, effects of scattered light can be eliminated by viewmg 
andcomparingthetwocolorsthroughatelescopic-likembe. If the average of «h 

^ c„,ors may be said to have an empirical delta E that is near zero. If the averse 
deltas are non-zero, me empirical delta E can be determined by converting RGB o 
25 L W using the display ICC profile for the original RGB and the average adjusted 
ROB The delta E can then be computed from the L*a*b* values. 

' Imag i„g devices include printing devices and display devices. Printing devices 

n^ay include, for example, laser printers, Inkjet printers, thermal imagers dot matrix 
"L printing presses or any other device capable of printing to tangible me ,a such as 
30 ^r film. Oi;,aydcvicesinc.udecati,„deray,ubes(CRT S ),,iquidcrys^d.sp,ays 
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(LCDs) and other Ha, screen displays, digital paper, electronic ink displays, and any other 
device capable of rendering images from electronic input signals or data. 

Typically, printing devices and display devices both make use of 
device-dependent coordinates to define color. Printing devices, for instance, typically use 
CMYK or CMYKOO coordinates to define color, and therefore, printing devices may 
have an associated CMYK gamut or CMYKOG gamut defining the color capabtht.es of 
,he printing device. Many display devices currently use RGB coordinates to define color, 
and therefore, typicaUy have an associated RGB gamut that defines the color capabntttes 
of the display device. A CRT display device, for insure, makes use of afferent 
combinations of red, green and blue phosphors that can display colors within the RGB 

gamut of the device. . 

The visual appearance of a color, however, is also dependent on ulumman. 
conditions. For instance, the same printout may look different when viewed under 
different lighting. For this reason, the illuminan, condition is generally a fixed vanable 
when comparing colors defined by one or more color spaces. The illuminant condtfon .s 
important in both hard copy and soft proofing environments. 

Experimental research has uncovered an apparent breakdown in color scence as 
defined by the CIE standards. In particular, a display device and printing devce can 
produce co,or images that have the same measurcd XYZ coordinates, ye, the images can 
20 , M kvisuallydifferen,.Forexam P le,CRTdisplaysma,arecalibra,ed,oaD50 

tota* condition look yellow when compared to printed images with the same XYZ 
coordinates viewed in a D50 illuminant condition. 

Theoretically, images with the same measured XYZ coordinates should appear to 
be identical. Unfortunately, it appears tha, mis is no, necessarily the case for a vsual 
25 comparison of hard copy and soft images. Thus, to achieve color matcmng between 
taages on a display device and images printed on hard copy media that is of proofing 
quality " i.e„ a visuaUy acceptable match, visually equivalent or a good visual match, 
transformation of the XYZ coordinates in accordance with the invention may be 
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Figure 1 is a flow diagram illustrating a color transformation process accordmg to 
embodiment of the invention. As shown in Figure ,,afirs,se«of device-dependen, 
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coordinates are converted to device-independen. coordinates (1.). The dev,ce- 
independent coordinates are then transformed (12). The transformed device-mdependen. 
coordinates are .hen converted to a second set of device-dependent coordinates (.3). The 
process of Figure 1 , for instance, can be performed on 11 of the pixels in a color .mage so 
that ft. output of a second imaging device, e.g., a display, looks visually equwalen. to the 
output of a first imaging device, e.g, a printer. 

Figure 2 is a flow diagram illustrating one implementation of the process of 
Figure 1. As shown, the image dam of a hard copy CMYK image is converted from 
CMYK coordinates to XYZ coordinates (21). The XYZ coordinates are then transformed 

r a w'7' mnrdinates can then be converted to RGB 
to X'Y'Z' (22) These transformed XYZ. coorainaies uui w 

coordinates (23) for presentation on a display device for soft proofing. In mis manner, 
the output of a display device using the ROB coordinates can be made to be vtsuaUy 
equivalent to a hard copy printed with the CMYK coordinates. 

Figure 3 is a flow diagram of a general process that can be implemented to 
transform device-independent coordinates. As shown, a white point is corrected (31) and 
the „ chromatic colors are corrected (32). Bifurcating the transformation process » thts 
manner can yield accurate color matching results. 

Referring again to Figure 1. the first set of device-independent coordinates may 
be associated with a firs, device. For instance, the firs, device may be printer that pnnts 
, colorimagesaccordingtoaCMYKgamut. Thecoiorimagemaybecompnscdofa 
collection of device-dependent coordinates that define the colors of the pomts mthe 

' ma8e ' For example, an image may be comprised of image data that includes a large 
coUection of CMYK coordinates. Each of these coordinates can be converted to devce- 
.5 independent coordinates (11), and men transformed (1 2). Each transformed coordmate 
may.henbeconver,ed.oformasecondsetofdevice-dependen,coordinates (1 3). 

The second set of device-dependent coordinates, for example, may be assoctated 
with a second imaging device. For instance, if the second imaging device is a drsplay 
device such as a CRT, the second set of device-dependen. coordinates may be a 
30 collection ofRGBcoordina.es. Each RGB coordinate can be generated from the 
transformed coordinates. 
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The transformation operation (12) is important in obtaining accurate color 
matching. Transformation (12) adjusts device-independent coordinates to ensure that the 
output on a display device, for example, looks substantially the same as the pnnt out of a 
printer While this transformation may be "theoretically" unnecessary, given the widely- 
5 accepted CIE color equations, the general breakdown in color science discussed above 
mandates the use of this transformation, especially in the field of soft proofing where 
color matching is critical. Thus, the invention compensates for color matching 
deficiencies that arise in the conventional XYZ transformations in the context of hard 

copy to soft copy matching. 
10 Referring again to Figure 3, a bifurcated transformation of device-independent 

coordinates is illustrated. By way of example, the white point of adisplay device can be 
correctedODbystartingwithafatownilluminantconditionsuchasDSO. For tnstance, a 

white surface can be placed in a viewing booth having D50 lighting to define a white 
point Reflectance of the white surface can be measured in terms of device-independent 
,5 coordinates such as LW. At this point, a white area with the same L*a*b* values can 
be created and displayed on a display device using commercially available software such 
as Adobe® PhotoShop®, available from Adobe Systems, Inc. of San Jose, California. 
Next the x and y chromaticities of the white point on the display device can be adjusted 
until the white image on the display device and the white image in the viewing booth are 
20 either visually equivalent, a good visual match, or a visually acceptable match. The 
adjustments to the x and y chromaticities of the white point should be noted. Havmg 
made the adjustments, the display device may be categorized as being calibrated to a 
"visual D50" white point In this ease, the white points presented by the display and hard 
copy produce slightly different XYZ values, but appear to be a visual match. 
25 After correcting the white point (31), the chromatic colors may be corrected (32). 

The correction to the chromatic colors, for example, may be categorized as a correction to 
the sa.um.ed colors in ,he device gamut. For instance, if the correction is being applied 
,„ a CRT defined by an RGB gamut, the correction to the chromatic colors may be an 
adjustment to the R, G, and B chromaticities. 
30 in one example, \e correction to the chromatic colors involves firs, determining 

7^7 correction values. To do mU, a CMYK image should be converted to digital form. For 
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example, a CMY* image can be converted to AdobeRGB(50) using absolute rendenng 
intent with an acc\ate Matchprint™ profile as measured by a spectrophotometer, i.e., a 
profile for the outpu\f an Imation Matchprint ™ laser proofer commercially available 
from Imation Corp. of\akdale, Minnesota. Optimally, the image used for companson 
should contain 100% solids and overprints of C, M, Y, R (e.g., M+Y), G (e.g., C+Y) , 
and B (eg., C+M), althoug\the invention is not limited in that respect. At this point, the 
RGB working space should^set to AdobeRGB(D50). The digital image can be 
compared to the CMYK Matchprint™ hard copy in a viewing station and the R, G, and B 
chromatids of the AdobeRGB^O) working space can be adjusted until either a 
visually acceptable match or a goodVisual match is achieved, or until the two images are 
visually equivalent. Again, the adjusuW* to the R, G, and B chromaticities of the 
display device working space should be Wed. 

Figure 4 is another flow diagram according to an embodiment of the invention. In 
particular, Figure 4 illustrates one method that can be implemented to correct a white 
point in a soft proofing setting. As shown, an RGB working space is first set to the hard 
copy illuminant condition (41). Again, for example, the illuminant condition may be a 

D50 illuminant condition. 

After setting the illuminant condition in the RGB working space (41), an RGB 
soft copy of white can be displayed next to a CMYK hard copy of white (42). For 
example, a white area with the same L*a*b* values as that of a white CMYK hard copy 
can be created in the RGB working space and displayed next to the CMYK hard copy. 
The illuminant condition illuminating the CMYK hard copy should still be D50. The soft 
copy of white can then be visually compared to the hard copy white (43). 

Having compared the hard copy white to the soft copy white, the maximum 
phosphor settings on the display device can be adjusted to achieve a visual match 
between the hard copy and soft copy (44). The phosphor settings can be incrementally 
adjusted by a user, for instance, until the white that appears on the display looks the same 
as the white on the hard copy. Once a visual match of white is achieved, the amount of 
adjustment to the phosphor settings can be documented (45). 

Figure 5 is another flow diagram according to an embodiment of the invention. 
As shown, a CMYK image is converted to RGB coordinates (51). For example, a 
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CMYK image can be"converted <o AdobeRGB(D50) using absolute rendering intent with 
an accurate Matchprint™ profile as measured by a spectrophotometer, i.e., a profile for 
the output of an Imation Matchprint ™ laser proofer commercially available from 
taation Corp. of Oakdale, Minnesota. OptimaUy, the image should contain 100% sol.ds 
5 and overprints of C, M, Y, R, G, and B, although the invention is not Imuted m that 
respect. 

After converting the CMYK image to RGB, the working space can be set 
according to the hard copy illuminant condition (52). For example if the hard copy 
iUuminant condition is D50, the RGB working space should be set to AdobeRGB(D50). 
, 0 Once the working space is set (52), the phosphor settings of the display can be adjusted to 
correspond to a visual white point (53). Figure 4, for example, illustiates an appropnate 
method for determining a visual white point of a display. 

At this point, an RGB soft copy of the image can be displayed next to a CMYK 
hard copy ofthe image (54). Again, the CMYK hard copy should still be illuminated 
,5 with a D50 illuminant. The hard copy ofthe image can men be visually compared route 
S0 ftcopyoftheimage(55). A viewing station, for example, may be implemented to 
ensure that D50 illuminant conditions are achieved when the soft copy is compared to the 
hard copy. 

TheR G andBchromaticitiesoftheAdobeRGB(D50)workmgspacecanbe 
20 adjusted to achieve a visual match between the hard copy and the soft copy ofthe image 
(56) For insttnee, the chromaticities ofthe AdobeRGB(D50) working space can be 
incrementally adjusted by a user until the colors that appear on Ore display look the same 
as the colors on the hard copy. The adjustments to the chromaticities can then be 

documented (57). # 

Having determined and documented the corrections to the white pomt and the 
chromaticities, the transformation can be repeated by inputting the correction values ,nto 
a mathematical framework as outlined below. Moreover, after performmg the 
mathematical transformation from XYZ to XVZ' outlined below, a new profile such as 
an ICC profile can be created to allow CMYK images rendered with the corrected ICC 
30 profile to look the same as the RGB images that were visually corrected by modifying the 
AdobeRGB chromaticities. An ICC profile would conform to existing specifications 
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published by the International Color Consortium (ICC) for characterization of device 

characteristics. 

One implementation of the transformation uses matrix algebra to realize very 
accurate matching result, The tota! resulting XYZ to X' Y'Z' correction transform can 

5 be described as follows: 









Ycorr 


= M Corr 
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\^Corr ) 







= M, (Ax D50 , Ay o50 )M 2 ( Ax, , Ay r , Ax g , Ay g , Ax, , Ay A ) 



(X\ 
Y 



where the first matrix M, performs a correction to XYZ with regard to the white point 
10 and M 2 performs a correction to the chromaticities. 

The Mi correction effectively rescales the maximum R, G, and B intensities of 
phosphors in a display device such that the white point of the display device at 
RGB(max) measures x D50+ Ax D50 , yoso+Ayoso rather than x D50 , yoso. The variables Ax D50 
and Ay D50 modify the theoretical D50 white point to account for visible differences. 
15 Thus, XD50+AXD50, yoso+Ayoso define the visual white point. 

The M 2 correction modifies the XYZ values such that the saturated colors of the 
display device measure x r2+ Ax r2 , y r2+ Ay r2 ; x^Ax* yg2 +Ay g2; and x b2+ Ax b2 , y b2 +Ay b2 , 
rather then x r2 , y r2 ; Xg2 , yg2; and x b2 , y b2 . The sets of variables Ax r2 , Ay r2 ; A Xg2 , A Yg2 ; and 
Ax b2 , Ay b2 modify the theoretical RGB chromaticities to account for visible differences. 
20 The white point correction matrix Mi can be written as: 

Although the matrix M is actually a function of RGB chromaticities and white 
25 point chromaticities, the notation has been simplified to indicate that the only parameters 
that are varying are the corrections to the white point. The RGB chromaticities can be 
considered constant when calculating the white point correction matrix M,. 

The matrix M defines the conversion from linear RGB space with a set of RGB 
phosphors to measured XYZ for a particular CRT display that is set to a measured white 
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point of chromaticity x, y. The values of the Ax D50 and Ay D50 indicate the visual 
correction required to the chromaticity of D50 necessary to match the display device to a 
neutral white reflector illuminated in a viewing station with D50 illuminant. 

To define M as a function of just chromaticities the expression begins as a 
description of matrix M in terms of the measured tristimulus values X, Y, and Z for R, G, 
and B. The values of XYZ relate to chromaticity values x, y according to the equations: 
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X = xY/y 

Z=zY/y = (l-x-y)Y/y 



Thus, 
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M= 



(x r X g X b \ 

x y g y b 

\Z r Z g Z t 



M(x. , y n , z, , Y n , x gi , y gi , z a , Y gi , V A> 2 V r 0 



(x r Jy rl )Y ri (xJy gi )Y gi {x^/y^ 

iyjyjr* <yJyJ Y * 

i*JyJP* (*JyJ Y * ^ ly 0\) 



M(x n ,y ri ,z r> J r> ,x g ^^ 



Y n 0 0 



0 0 K 



20 where M c is a chromaticity matrix given by: 

'x n /y n xJy* x ^y^ 

mj&mw^m^zj- yjy« yJy* y^'y* 

Vzjy n z a /y ft z*,OV 
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The chromaticity matrix M c can be further reduced to a function of just the x, y 
chromaticities for R, G, and B as follows: 



5 M c (x ri ^ ri ,x a ,^ i ,x ii ,y &i ) = 
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15 



( x »'* x "> /yb > ^ 

1 1 1 

,(i -x, -y ri )/y r{ (}-x gl -y gl )'y gl 0 -y„,VyJ 



If the RGB chromaticities are fixed, the chromaticity matrix M c is a fixed matrix. 

In order to obtain the matrix M as a function of the chromaticity matrix M c and 
the white point chromaticities, the equations can be solved as follows: 

00 = 



20 
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= M 



G = \ 
\B=V 



(X\ (Y n 0 



wp 
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0 Y & 0 
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0 0 Yj 



oYr=v\ 

G = l 



(X^ ( O 
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\Z*wdJ 



\Y b j 



(y\ (x w ^ 



{Y hl J 



1 wp 



u 



wps 



This equation can be expressed as a function of white point chromaticities: 

( Y ri {x vp ,yJ\ ( x wp /y wp ^\ 

\Y hl (x wp ,ywp)J 



\(i-x wp -y wp )/y„ P ) 



Thus the resulting equation for M is a function of RGB and white point 
chromaticities only. By assuming that the RGB chromaticities are fixed, this becomes a 
25 function of white point only: 
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(Y n (x wp ,y wp ) 0 0 ^ 



o i;(vJ 0 

o o ?,(W«pi 



Hence, the expression used to determine the white point correction matrix M, can be 

expressed as: 

(Y n (x wp ,y wp ) 0 0 ^ 



M(x wp ,y wp ) = M c 



0 0 Y bl (x wp ,y wp )) 



The chromatic correction matrix M 2 , i.e., the saturated color correction matrix or 
RGB chromaticity correction matrix can be determined in a manner similar to the way the 
white point correction matrix M, was determined above. However, to determine and 
reduce the expression of M 2 , the white point chromaticities are assumed fixed and the 
RGB chromaticities are the variables. 

The white point correction matrix Mi can be applied to correct errors between a 
theoretical white point of a display device and the empirical white point, e.g., a visual 
white point. The chromatic correction matrix M 2 can be applied to correct the remaining 
errors in the saturated colors. In other words the M 2 matrix can correct errors between 
the theoretical values of saturated colors and empirically or visually measured values of 
the saturated colors. The M 2 matrix can be applied to adjust a physical monitor, or 
alternatively, can be applied to adjust a working space such as AdobeRGB or sRGB. 

For instance, if the chromatic correction M 2 matrix will be applied to adjust a 
working space, it can be expressed as: 

M 2 (Ax r ,Ay r ,Ax: g ,Ay g ,Ax 4 ,A> , A ) = 

M(x ri +Ax rj ,^ rj + &y li ,x tl +Ax g2 ,y X2 + Av g2 ,x Ai + A* V ^ 2 + Ay A2 ,x wp ,y wp )x 
M (x, 2 , y ri , x gi , y gi , x bi ,y bl ,x wp ,y wp ) 

where x wp ,yw P are assumed to be x D5 o,yD50, and x r2 ,y r2 , , and x b2 ,y b2 are the 
chromaticities of the RGB working space. 
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The white point correction, the chromatic correction, or both, can be stored in a 
color profile. A color profile is a data structure that describes the color characteristics of 
a particular device. Color profiles typically include color information such as 
information describing how the device converts from device-independent coordinates to 
device-dependent coordinates. By storing either the correction variables or redefining the 
color profile to include transformations like those described above, the color profile can 
enhance and improve soft proofing systems. 

To achieve compatibility with existing systems and standards, a profile can 
include and yet hide the transformation data. For instance, an ICC profile including 
transformation data associated with rescaling of the RGB phosphors, for example, may 
still be characterized by a true D50 white point x D50 , yoso in the profile. In actuality 
however, the white point may in fact measure x D5 o+Ax D 50, ypso+Ayoso and XYZ values 
for RGB derived from the actual measured RGB chromaticities. When a system 
implements the profile, an accurate color match can be achieved. 

From a somewhat broader perspective, the invention may comprise a multi-step 
transformation of device-independent coordinates. While experimental results have 
shown that the bifurcated transformation technique outlined above yields good color 
matching results, the transformation process could be broken up even further. Moreover, 
the transformation could be implemented in device-independent color spaces other than 
an XYZ color space. Referring again to the XYZ example, however, a more general 
correction can be represented by the equation: 



fx \ 






^Corr 


= M Con 


Y 


\^Corr ) 







= M, (Ax, , Av, )M 2 ( Ax 2 , Ay 2 ). M„ ( Ax„ , Ay„ ) 



The matrices M, - M„ may make the corrections to different chromaticities. By 
way of example, M, could correct white point chromaticity, M 2 could correct red 
chromaticity, M 3 could correct green chromaticity, M4 could correct blue chromaticity, 
and so forth. 

In general, each matrix in the collection of matrices M, - M n can be described as 
follows. If you let McomponentWonr, (M CT ) represent any matrix in the set of matrices 
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{M 1 -M n },thenMcr= (M E xperimenta.) (M^eoreticai) ^ The matrix M^cai defines the 
conversion from device-dependent space to device-independent space according to the 
theories of color science. The matrix M^en*! defines the conversion from device- 
dependent space to device-independent space according to experimental results such as 
visual comparison. If the theories of color science are empirically robust, then Miheoreticai 
will be the same as Momenta!, and (Momenta,) (MTheoredcaO will yield an Mct that is 
an identity matrix. However, if the theories of color science break down and M-rheoreticai is 
not the same as Me^***, M ct will not be an identity matrix; but rather, M CT will be 
the transform matrix for yielding a color match for that respective chromaticity. 

Figure 6 illustrates an exemplary soft proofing system according to an 
embodiment of the invention. A soft proofing system suitable for implementation of 
techniques for color transformation can include one or more proofing stations 62A-62D. 
Each proofing station 62A-62D, for example may include a processor, a user input 
device, a display monitor, memory, a storage device and a printer. The proofing stations 
may substantially conform to conventional computer systems used by graphic artists and 
other users in the creation of textual and graphic imagery for electronic display or print 
reproduction. A memory/bus controller and system bus couple processor and memory, 
while one or more I/O controllers and I/O bus couple the processor and memory to user 
input device, display monitor, storage device, and printer. 

The processor may take the form of a general purpose microprocessor and can be 
integrated with or form part of a PC, Macintosh, computer workstation, hand-held data 
terminal, palm computer, digital paper, or the like. The user input device may include a 
conventional keyboard and pointing device such as a mouse, pen, or trackball, if desired. 
The monitor may include a CRT, flat panel display, or the like, that displays textual 
and/or graphic information to the user. The memory may include random access memory 
(RAM) storing program code that is accessed and executed by processor to carry out 
color transformation techniques. 

The program code can be loaded into the memory from a storage device, which 
may take the form of a fixed hard drive or removable media drive associated with the 
system. For example, the program code can be initially carried on computer-readable 
media such as magnetic, optical, magneto-optic, phase-change, or other disk or tape 
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media. Attn-**, *• P"*» «* may be loaded into memory from election* 
computer-readable media such as EEPROM, or downloaded over a network connection. 
If downloaded, the program code may be initially embedded in a carrier wave or 
otherwise transmitted on an electromagnetic signal. The program code may be embodted 
as a feature in an application program providing a wide range of functionary. 

Soft proofing system 60 may also include soft proofing color management control 
65 coupled to the respective proofing stations 62A-62D. The soft proofing color 
management control 65, for example, may input image data to the respective proofing 
stations 62 A-62D. The image data, for example may be transformed by color 
management control 65, before being sen, to proofing stations 62A-62D. Alternatively, 
image data may be transformed by each respective proofing station 62A-62D after bemg 
sent from the color management control 65. 

Soft proofing system 60 may also be associated with at least one printing devtce 
68 such as aprinting press. In operation, soft proofing system 60 may generate a color 
image at the respective proofing stations 62A-62D. Color specialists may inspect the 
image at respective proofing stations 62A-62D and the visual appearance of the .mage 
may be adjusted to their liking. Once the image looks acceptable a. the proofing stations 
62A-62D printing device 68 may be used to mass print large quantities print medra that 
look visually equivalent to the image displayed at the proofing stations 62A-62D. 
tapor.an.ly, implementing the techniques and teachings outlined above can help ensure 
ma, the images printed by printing device 68 will appear visually equivalent to the 
images tha, appear at the proofing slalions 62A-62D. 

An accurate soft proofing system can be realized based on the assumption that a 
simple matrix-based correction to XYZ will result in a good correlation between CRT 
displays and reflective hard copies. This correction can either be formulated as 
correcting hard copy XYZ values to the corresponding CRT XYZ values; 



\Z CRT J 



l HC 



\Z HC ) 
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or correcting CRT XYZ values to the corresponding hard copy XYZ values: 



HC 

, y-1 V - A/< 2 



Y 



- M~HC->CRT 



Y 

1 HC 



= Ml\6x r , Ay,, Ax g ,A>> g , Ax A ,Ay A )Mr'( Ax D »» AVdso) 



y 

^■ Z CRT J 



The ex 



amples below illustrate ways in which this transform can be used. 



V.XAMPLE 1 

The matrix *£ _ >Cfir can be applied automatically in the driver software or 
EPROM of the device that measures XYZ (or equivalent) measurement data. Thus, all 

) analog and digital settings of the CRT (most notably the white point or color temperature 
setting) will automatically correlate well to the illuminant chosen for viewing reflects 
images Furthermore, all measured XYZ data will be automatically corrected. Ifthe 
measurement device is used to set a D50 white point on the CRT, then an ICC profile can 
be generated in the standard manner. A good visual match between CRT and hard copy 

5 will occur. 

Some color measurement tools such as Kodak ColorFlow™ and Gretag-Macbeth 
ProfileMaker™ measure !00% R, O, B, and a series of gray colors ranging from black to 
white In addition, other ICC tools may measure extra combinations of ROB color 
values The most common result is a simple matrix/TRC profile based directly on the 
20 XYZ measured data. In the case where the CRT is not set to a D50 white pom., a 
chromatic adoption can be applied to the data in order to adjust it to D50. 

These measurement tools, however, are hampered by the fact that the XYZ data 
of the CRT is not visually consistent with the XYZ data measured for other medta. Thus, 
to achieve a good visual match between devices and media, the matrix can be 

25 applied automatically to the CRT XYZ data. This conversion can be applied for all 
situations involving measurement, including specifications of CRT's and control of 

CRTs, relative to the hard copy. 

Suppliers of operating systems and/or CRT hardware can implement the current 
invention to achieve good visual matches between their CRTs and various printer, For 
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instance, a good visual match can be achieved by first correcting all XYZ data used to 
define the automatic CRT setup conditions (such as white point or color temperature) 
using the M-J C _ >CRT matrix. Second, using the A^cr matrix, all XYZ data used to 
generate the ICC profiles can be corrected automatically to characterize the CRT for a 

particular setup condition. 

In other words, the current invention can be used to redefine of the CIE 
specification for color with respect to CRTs. Moreover, this redefinition can be used for 
any color metric, including specifically soft proofing applications. 

EXAMPLE 2 

The matrix M HC _ >CRT can be applied to the XYZ values of the illuminant for hard 
copy (e.g. D50) in order to derive the corresponding CRT white point values in XYZ for 
the CRT: 



15 



(Xhc) 



HC->CRT 



l HC 



l D5Q 



HC->CRT 



( 0.9642^1 
1.000 
V0.8249>' 



The uncorrected ICC profile for the CRT can be constructed from the combination of 
chromaticity and white point values for the CRT. 



20 



^,(Ww/>) 0 



0 > 
0 Y^x^y^) 0 

v o o J£,(x»p>;y»p)/ 



The corrected matrix can then be calculated by simply applying the transform to convert 
from CRT XYZ to hard copy XYZ and then re-computing the chromaticity values in the 
25 expression above. Alternatively, the correction can be separated into a white point 
correction and chromatic correction. 
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If the CRT has been set physically to a corrected visual white point (e.g. 
M HC >CRT (XYZd5o))» then by definition the corrected values of CRT white point 
chromaticities Xwp , ywp going from CRT to hard copy will be x D50 ,y D5 o • This is because 
the corrected values of XYZ (going from CRT back to HC) will be D50 for the CRT 
white: 



J D50 
<Z DSQ J 



= M~hc->crtM H c->crt 



HC->CRT 



YlVPCRT 
\%WPCRT' 



Thus the CRT matrix that is corrected for CRT to hard copy will automatically 
have the value of desired white point chromaticities, i.e., the same white point as that of 
the hard copy illuminant such as D50. This is equivalent to applying the white point 
correction matrix ^ to the CRT XYZ data upon which the CRT profile is based. 

The remaining chromatic correction can simply be performed by applying the 
chromatic correction matrix to the CRT matrix constructed above using the 
uncorrected chromaticities for RGB and the corrected white point chromaticity values 
(eg D50) The advantage of this approach is that standard ICC generating tools can be 
employed to construct an uncorrected ICC profile for a CRT in which the desired white 
point (e.g., D50) has been assumed. The resulting profile can be corrected in a simple 
manner by applying the chromatic correction matrix M? to the matrix portion of the 
matrix/TRC profile. This simple correction, combined with setting the white point of the 
CRT to a visually accurate D50 white point, will result in a good visual match between 
the CRT and hard copy. 

EXAMPLE 3 

The matrix M HC _ >CRT is applied to the XYZ values for hard copy in order to 
derive the corresponding values in XYZ for the CRT. 
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Y CRT = Mwc.^r y hc 

vz CRT ) yZncJ 



Recall that the matrix for a CRT can be constructed from the combination of chromaticity 

and white point values for the CRT. 



v v V X V X ,V ) = MX*„ JV X tt'^' X 6, 



o o ^ 

o o Y k {x ,y^\ 



Assuming that the above values for this matrix are constant, then a new matrix can be 
10 defined based on the constants and corrections to the constants. 

M(Ax,,A>vAx gi 'AVa.A**, .Ay^Ax^A)^ 

= M(x, + A^ + A*,,*,, + A W , + Ay..«, + + A^^.Ax^-hA^) 

15 The M HC . >CRT matrix can then be created based on visual correction techniques. 
: _ >Cfir = M(Ax n ,A, n ,Ax ffl ,A, ffl ,Ax Al ,A, Al ,A, wp> A, wp )^kO,0,0,0,0,0,0,0) 



This final expression defines a single matrix that is a function of visual corrections to 
20 white point and the chromaticities. This single matrix can be used to correlate XYZ 
values of hard copy to XYZ values for a CRT. 

A number of implementations of the present invention have been described. For 
instance, color transformation techniques have been described for transforming device- 
independent coordinates to facilitate color matching. One or more implementations may 
25 be practiced with or without other color imaging techniques to realize soft proofing. 

Nevertheless, it will be understood that various modifications may be made 
without departing from the spirit and scope of the invention. For instance, the 
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transformation techniques may be implemented to improve color matching between any 
two imaging devices. For instance, the transformation techniques may be implemented to 
improve color matching between two printers or between two displays. Moreover, the 
concept of bifurcating a device-independent coordinate transformation can be applied 
more broadly than the white point verses chromatic implementation that is described in 
detail above. 

A system implementing the transformation techniques can be one that converts a 
first set device-dependent coordinates to device-independent coordinates, performs the 
transformation, and the converts the transformed device-independent coordinates to a 
second set of device-dependent coordinates. Alternatively, the system can be one that 
converts a first set device-dependent coordinates to device-independent coordinates, 
performs the transformation calculations, and then converts a second set of device- 
dependent coordinates to the transformed device-independent coordinates. 

These and other modifications can be made to the description above. 
Accordingly, other implementations and embodiments are within the scope of the 
following claims. 
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